Background and aims: Patients with preascitic liver cirrhosis display significant renal sodium retention in the upright posture and an exaggerated natriuresis during recumbency. To date, intrarenal sodium handling in these patients has not been studied using lithium clearance and fractional excretion techniques during recumbency and orthostatism. Methods: Ten patients with preascitic (Child-Pugh A) liver cirrhosis and 10 healthy subjects underwent the following measurements during recumbency and then after four hours of standing: (a) active renin and aldosterone plasma levels; and (b) renal clearance of creatinine, sodium, potassium, and lithium (an index of fluid delivery to the loop of Henle). Results: Unlike the control group, in the upright posture patients had significantly lower values of lithium clearance and fractional excretion compared with recumbency (21.6 (8.6) v 30.5 (10.2) ml/min (p<0.03) and 12.8 (4.4)% v 20.8 (4.9)% (p<0.01), respectively). Our patients showed maintenance of the glomerular-tubular balance-that is, the correlation between creatinine clearance and proximal tubular reabsorption of fluid-during both recumbency and in the upright posture (r=0.96, p<0.001; r=0.97, p<0.001, respectively). In contrast, patients displayed tubuloglomerular feedback only in the supine position. This was demonstrated by the observation of a negative correlation between lithium fractional excretion (a measure of the fractional delivery of sodium to the distal nephron) and filtered sodium load only in recumbency (r=−0.73; p< 0.03) and not during standing (r=0.22; p> 0.05).
I
n patients with preascitic liver cirrhosis there is expansion of extracellular fluid volume, as demonstrated by several experimental observations. These range from evidence of augmented distribution volume of 131 I labelled albumin to ascertainment of increased end diastolic left ventricular diameter at this disease stage. [1] [2] [3] [4] [5] [6] [7] [8] Experimental studies in different animal species with cirrhosis have demonstrated that renal sodium retention precedes ascites formation, leading to plasma volume expansion. [9] [10] [11] [12] In patients with compensated cirrhosis, sodium retention develops mainly during standing. This phenomenon is thought to be aldosterone dependent, as suggested by the observation of an inverse correlation between slightly increased aldosterone plasma levels and renal excretion of sodium in the upright posture. 13 In contrast, hypernatriuresis characterises patients with compensated liver cirrhosis undergoing bed rest and prevents a progressive expansion of extracellular fluid volume and ascites accumulation. 6 14 Bed rest induced hypernatriuresis is thought to be caused by decreased tubular sodium reabsorption, being independent of any variation in glomerular filtration rate and filtered sodium load. 6 14 Controversies on this simple view of the mechanisms of sodium and water retention in compensated cirrhosis patients arise when several experimental observations are considered. The renin-angiotensin-aldosterone axis is frequently suppressed, at least in supine patients, even during the early phases of overt ascites development, [4] [5] [6] with recent evidence of an actual lack of correlation between aldosterone plasma concentration and sodium excretion. 15 The central role of aldosterone in sodium retention which occurs in standing compensated cirrhotics is based on a single observation of a significant correlation between high-normal plasma levels of the hormone and sodium excretion. 13 A previous authoritative investigation found proximal rather than distal tubular retention of sodium in compensated cirrhosis. 16 To date, no study has investigated directly the behaviour of the different tubular segments of the nephron that follows passage from the reclining to the upright position in patients with cirrhosis. Hence the first aim of the study was to evaluate these tubular events using lithium clearance and fractional excretion techniques performed during recumbency and after standing in Abbreviations: AR, active renin; CCr, creatinine clearance; CK, potassium clearance; CLi, lithium clearance; CNa, sodium clearance; DD, distal fluid delivery; DDNa, distal sodium delivery; DRNa, distal sodium reabsorption; DFRNa, distal fractional sodium reabsorption; FEK, fractional potassium excretion, FELi, fractional lithium excretion; FENa, fractional sodium excretion; FlNa, filtered sodium load; GFR, glomerular filtration rate; P-Cr, plasma creatinine concentration; P-K, plasma potassium concentration; P-Li, plasma lithium concentration; P-Na, plasma sodium concentration; PFR, proximal tubular reabsorption of fluid; PTRNa, proximal tubular reabsorption of sodium; U-Cr, urinary creatinine concentration; U-K, urinary potassium concentration; U-Li, urinary lithium concentration; U-Na, urinary sodium concentration; UNaV, urinary sodium excretion.
patients with compensated liver cirrhosis. A second aim was to assess in compensated cirrhosis (both in the supine and erect postures) maintenance of two relevant mechanisms of regulation of tubular sodium handling: the glomerular-tubular balance-that is, dependence of proximal tubular reabsorption of fluid and sodium on values of glomerular filtration rate (GFR) [17] [18] [19] -and tubuloglomerular feedback-that is, the mechanism increasing GFR when the distal tubule is reached by a reduced sodium load and vice versa.
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MATERIALS AND METHODS
Subjects
Ten healthy volunteers (five men, five women; age range 28-62 years) and 10 patients (seven men, three women; age range 41-67 years) with biopsy proven liver cirrhosis of functional stage A, according to the Child-Pugh classification, 23 were studied. Clinical and laboratory findings in the controls and cirrhotic patients are shown in table 1. All patients were oedema and ascites free, as assessed by abdominal ultrasonography. Patients with past variceal bleeding, previous evidence of ascites, or diuretic consumption were excluded. No patient had heart failure, intrinsic renal disease, arterial hypertension, diabetes mellitus requiring drug therapy, or endocrine disease. No steroids, prostaglandin synthesis inhibitors, amines, or antihypertensive drugs were administered for at least one month before the study. Alcohol consumption was stopped in all patients at least three months previously and in controls not less than two weeks before the study. This study was performed in compliance with the 1975 Declaration of Helsinki ethical guidelines and all patients gave informed consent before participation.
Study protocol
Before the study, patients and controls underwent an equilibration period of five days during which they received an unrestricted diet providing 180-200 mEq of sodium and 60-80 mEq of potassium daily. In phase 1, at 2200 on the day before the study, lithium carbonate 600 mg was administered orally. After an overnight fast spent supine, the following morning a urine collection period was started at 0800. Urine was collected by spontaneous voiding. Blood samples were taken at the beginning and end of the urine collection period which lasted four hours (until 1200). Water intake was fixed at 1 litre over the course of the four hour period and subjects were kept supine throughout the study. Blood samples at the beginning and at 1200 were analysed for plasma concentrations of sodium (P-Na), potassium (P-K), lithium (P-Li), and creatinine (P-Cr). Blood samples at the beginning of the clearance period were also analysed for plasma active renin (AR) and aldosterone concentrations. Urine samples were analysed for lithium (U-Li), sodium (U-Na), potassium (U-K), and creatinine (U-Cr) concentrations during the whole of the four hour clearance period. At 2200 on the same day there was a second oral administration of 600 mg of lithium carbonate. In phase 2, on the following day, a further four hour clearance period was started at 0800 and the same blood and urine samples were obtained as described in phase 1, except for determinations of plasma levels of AR and aldosterone which were assessed at 1200. In this phase both patients and controls were asked to have a water intake of 1 litre and to remain in the standing position for the four hour period (slow walking and brief periods in the sitting position were allowed).
Determinations P-Na, U-Na, P-Li, U-Li, P-K, and U-K were measured by a flame photometer (Instrumentation Laboratory model 143, Paderno Dugnano, Italy). P-Cr and U-Cr were determined colorimetrically. Determination of human AR was performed on EDTA plasma. AR was determined by a two site immunoradiometric assay for measurement of active renin protein (Nichols Institute Diagnostics, San Juan, California, USA). Plasma AR values are given in µU/ml. Plasma aldosterone concentrations were evaluated by radioimmunoassay using a kit from Sorin Biomedica (Saluggia, Italy) supplying solid phase antibody coated tubes. Plasma aldosterone values are given in pg/ml. Calculations P-Li was calculated by the formula 15 24 :
where P-Li (1) and P-Li (2) are lithium plasma concentrations at the beginning of the urine collection period (0800) and at 1200, respectively. This formula accounts for the decrease in lithium plasma concentration during the four hour study. P-Na, P-K, and P-Cr were calculated as the means of the corresponding values at the beginning and end of the respective urine collection periods. Lithium clearance (CLi), sodium clearance (CNa), potassium clearance (CK), and creatinine clearance (CCr) were calculated by the conventional formula:
where U-x is urinary and P-x is plasma concentrations of x, and V is urinary output (ml/min). CCr was considered as a measure of GFR. Fractional sodium excretion (FENa), fractional potassium excretion (FEK), and fractional lithium excretion (FELi) were calculated by the ratio of CNa, CK, and CLi to CCr, respectively. Assuming that lithium is reabsorbed in the proximal tubule in parallel with sodium and water, and that it is neither secreted nor reabsorbed beyond the proximal tubule, from urinary sodium excretion (UNaV), CLi, CNa, and CCr, the following parameters were derived according to Boer and colleagues 25 : Filtered sodium load (FlNa)= P-Na×CCr (mEq/min) Absolute distal fluid delivery (DD)=CLi (ml/min) Proximal tubular reabsorption of fluid (PFR)=CCr−CLi (ml/min) Absolute distal sodium delivery (DDNa)=CLi×P-Na (mEq/min) Proximal tubular reabsorption of sodium (PTRNa)= FlNa−DDNa (mEq/min) Absolute distal sodium reabsorption (DRNa)=DDNa−UNaV (mEq/min) Distal fractional sodium reabsorption (DFRNa)=DRNa/ DDNa×100 (%)
Finally, it should be noted that throughout the paper, the expression "distal tubule" indicates all segments of the renal tubule beyond the proximal segment.
Statistical analysis
Results are expressed as mean (SD). Comparisons between measurements obtained in the supine position and during standing were carried out using the Wicoxon signed rank test. Comparisons between patients and controls were carried out by the Wilcoxon rank sum test. 26 Correlation coefficients were derived using Spearman's rank correlation. 27 Significance was accepted at the 5% probability level.
RESULTS
Supine period
Hormones (table 2) While reclining, AR and aldosterone plasma levels did not differ significantly between healthy controls and patients, with slightly depressed values of both hormones in the cirrhotic group.
Renal function (table 2)
UNaV and FENa were similar in controls and cirrhotics. Conversely, GFR, FlNa, and PTRNa were significantly higher in patients than controls. All parameters of lithium and potassium excretion did not differ significantly between healthy controls and patients. 
Standing period
Hormones (table 2)
After the four hour standing period, plasma AR and aldosterone levels did not differ significantly between controls and patients, although aldosterone values were slightly increased in the cirrhotic group. In the standing position, aldosterone and AR plasma levels increased significantly in both controls and patients, with the incremental value of plasma aldosterone (∆ increase) significantly higher in patients compared with controls (122.5 (15.01) v 62.3 (28.01) pg/ml; p<0.05).
Renal function (table 2)
During the standing period, compared with controls cirrhotic patients showed significantly higher values for GFR, FlNa, and PTRNa (all p<0.05) and lower values for FENa (p<0.03) and FELi (p<0.05). All of the remaining parameters of electrolyte excretion or tubular function did not differ between patients and controls. In the standing position, cirrhotic patients showed a significant reduction in CLi (p<0.03) and in FELi (p<0.01), a measure of the fraction of filtered sodium load that escapes proximal sodium reabsorption. 24 25 DFRNa did not change significantly with the change from recumbency to the upright posture. Other parameters of renal electrolyte handling remained unchanged in patients during the standing period. None of the studied parameters changed in the control group as a consequence of changing from recumbency to the upright posture. Lastly, the ratio FlNa/FELi was significantly higher in the upright posture in patients compared with the supine position (1.87 (1.32) v 0.88 (0.63); p<0.02), indicating that for a given value of filtered sodium load they had a lower fraction of this amount of electrolyte reaching Henle's loop.
Correlations
There were close positive correlations between glomerular filtration and absolute amount of fluid reabsorbed by the proximal renal tubule both in controls and patients (r=0.95, p<0.001 and r=0.97, p<0.001, respectively). During standing, the correlation (observed while reclining) between FELi and FlNa in patients was lost (r=0.22; p>0.05) ( fig 2) ; in contrast, this correlation was maintained in healthy controls (r=−0.65, p<0.05). Plasma aldosterone did not correlate with values for UNaV, DRNa, or DFRNa in patients or controls.
DISCUSSION
We have shown that patients with compensated cirrhosis exhibit an increase in fluid and sodium reabsorption at the level of the proximal convoluted tubule when in the standing position, leading to a reduction in both fluid delivery and the fraction of the filtered sodium load that reaches Henle's loop with respect to values measured while in the supine position (table 2). As our preascitic cirrhotics showed values of GFR significantly higher than normal both in recumbency and in the upright posture, according to previous reports, 16 28 29 CLi in standing patients, although reduced with respect to values measured while supine, was still in the low-normal range. However, the excretion fraction of lithium was found to be significantly reduced in standing patients with respect to upright controls (table 2) .
The higher values for the FlNa/FELi ratio in patients in the upright posture underscore retention of sodium by the proximal nephron in this body position. In fact, this observation implies that for a given value of filtered sodium load, a lower fraction of this amount of electrolyte reaches Henle's loop. These findings may account for the previous observation of the blunted natriuretic effects of bumetanide (a diuretic acting on the Na
− pump of the ascending limb of Henle's loop) in standing cirrhotic patients, possibly caused by a posture dependent increase in sodium retention in the proximal nephron. 30 During the course of our short (four hours) period of observation, we found only a non-significant tendency towards reduction of urinary sodium excretion in both groups of subjects during standing because in the upright posture the distal nephron of patients and controls did not show any increase in sodium reabsorption, in spite of the observed (and expected) rise in aldosterone plasma levels. Indeed, both controls and patients showed slightly lower values for distal fractional sodium reabsorption (DFRNa) during standing with respect to recumbency (table 2) .
To our knowledge, this is the first direct evidence of exclusive intratubular regulation of sodium handling, namely the capacity to moderate distal fractional sodium reabsoption when the distal nephron (namely the loop of Henle) is reached by a decreased load of electrolyte due to a change in body position. To some extent, this regulatory mechanism resembles (but in the opposite direction) the increase in distal sodium reabsorption that compensates for enhancement of distal fluid delivery induced by amino acid infusion in normal subjects. 31 In contrast, this mechanism of compensation closely mimics depression of distal fractional sodium reabsorption following proximal tubular sodium retention induced by administration of antidopaminergic drugs in patients with compensated liver cirrhosis. 32 Modulation of sodium handling beyond the proximal convoluted tubule must occur at an aldosterone independent distal tubular site, possibly the loop of Henle, or it could be dependent on selective stimulation of the macula densa as different degrees of perfusion of this tubular segment with sodium chloride containing solutions are known to modulate renin secretion. 33 34 Although net sodium excretion was not significantly modified by changes in body position, we observed that compensated cirrhotics during standing had significantly reduced values of FENa with respect to healthy controls (table 2) . This observation partially agrees with a previous study demonstrating subnormal values for absolute and fractional sodium excretion during brief periods of standing (two hours) in preascitic cirrhosis. 13 The strict correlations between creatinine clearance and proximal tubular reabsorption of fluid (PFR) showed that compensated cirrhotic patients fully maintained the glomerulartubular balance-that is, the mechanism increasing proximal tubular reabsorption of fluid and sodium when GFR augments and vice versa. [17] [18] [19] This mechanism of regulation of sodium handling was observed both in the supine and standing positions, similar to that in the control group.
As FELi is a measure of the fractional delivery of sodium from the proximal tubule to the loop of Henle, the finding in the cirrhotic (fig 1) and control groups while reclining of an inverse correlation between this parameter and FlNa could be an expression of tubuloglomerular feedback (that is, the mechanism increasing GFR when the distal tubule is reached by a reduced sodium load and vice versa). [20] [21] [22] A relevant observation is the following: at variance with controls, during standing, our patients lost the inverse correlation between FELi and FlNa (fig 2) , possibly implying derangement of tubuloglomerular feedback as a further contribution to sodium retention during the upright posture in compensated cirrhosis. As we observed a prompt decrease in CLi and FELi in compensated patients in the standing position, even if not to subnormal values (table 2), the present evidence of derangement of the tubuloglomerular feedback (namely, the inability to upregulate GFR when the distal nephron is reached by a reduced fluid and salt load) may surely add to renal sodium retention during prolonged periods of standing.
In conclusion, our observations were of urinary indexes, which are indirect measurements of intratubular events and not actual measured values. However, the previous knowledge that in ascitic cirrhosis an avid proximal tubular sodium retention leads to unresponsiveness to diuretic administration 30 35 and our finding of increased proximal sodium reabsorption with deranged tubuloglomerular feedback in standing compensated patients are sufficient reasons to recommend that cirrhotic patients spend a consistent amount of time in the supine position to avoid progressive sodium and water retention.
